Abstract. Recent development of atomic force microscopy (AFM) applications in imaging living cells is reviewed, focusing on technical progress and application advancements made in the following major areas: (i) high-resolution imaging of cellular structures, (ii) real-time monitoring of cellular dynamic processes, and (iii) detecting micromechanical properties of the cell. Technical and Key words: Cellular dynamic processes, Cellular micromechanical properties, Living cells, Scanning force microscopy, Scanning probe microscopy, Submembrane structure Abbreviations: AFM = atomic force microscopy; PCT = patch clamp technique; NPC = nuclear pore complex; F-S = force versus distance; TMAFM = tapping mode atomic force microscopy; SICM = scanning ionconductance microscope; FIEL = force integration to equal limits; SNOM = scanning near-field optical microscopy experimental difficulties frequently encountered in AFM applications in above areas are presented and possible strategies for overcoming these obstacles are discussed. Significant advances in the AFM study of living cells can be achieved from further development of AFM technology, sample preparation, and innovative applications.
Introduction
Atomic force microscopy (AFM), also known as scanning force microscopy [1], was developed initially as an instrument mainly used for surface science research. Astonishingly, in a short period of time, AFM has been extended from its initial applications to the more complex field of biology, research efforts in the past few years have indicated that AFM can be a potential powerful tool for biological and biomedical research, especially for cell biology [2] [3] [4] . Such rapid expansion of AFM applications in biology is due to the fact that AFM offers several advantages over conventional microscopic techniques used for studying biological materials. For instance, most native biological molecules and cells can be imaged directly using AFM, requiring little or no sample pre-treatment. Three-dimensional (3D) reconstruction of the sample surface at molecular resolution is achievable. Most importantly, AFM can be used in aqueous solution. Notably, the operation of AFM in aqueous solution offers an unprecedented opportunity for imaging biological molecules and cells in their physiological environments and for studying biologically important dynamic processes in real time. At present, no other microscopic techniques are able to provide directly both structural information of a biological sample and related functional information at such high spatial resolution.
The principle and operation of AFM have been described extensively [2-5] and will not be covered here. Instead, a schematic illustration is given for a brief introduction of AFM operation ( Figure 1) ; the instrumentation, operation, data acquisition and applications of the AFM technique are summarized in Table 1 , Relevant references are given for those interested in more instrumental and technical specifications.
In this review, rather than providing an exhaustive listing of developments in the AFM applications in imaging of living cells, we will focus on AFM work reported since 1994. For development prior to 1994, readers are referred to the extensive reviews published previously [2] [3] [4] . In the following three sections, we will highlight the most recent progress and breakthroughs of prominent AFM application in imaging of living cells: (i) high-resolution imaging of cellular structures, (ii) real-time monitoring of cellular dynamic processes, and (iii) detecting micromechanical properties of the cell. In each section, the experimental difficulties commonly encountered in AFM imaging and the technical limitations of current state-of-the-art AFM are discussed. Possible methodological strategies for overcoming these obstacles are discussed. Finally, the future development of AFM application in imaging of living cells is considered.
High-resolution imaging of cellular structures
AFM offers the potential for imaging cellular structures at molecular or even atomic resolution in air and in liquid, and also for imaging living cells under physiological conditions. From the beginning, to image fixed or living cells and subcellular structures in air and, particularly, in their native biological states has been the primary goals of most AFM studies. This, we believe, remains as a major application area of AFM imaging of living cells at present and in the future. So far, promising AFM results have been reported on the elucidation of structures of the membrane, organelles, and cytoskeleton of fixed and living cells at molecular or subcellular resolution in air and in liquid [2] [3] [4] .
The plasma membrane of the cell, the barrier between the cell and its environment, accommodates diverse membrane proteins, including integral membrane proteins such as receptors, ion channels and transporters, as well as certain antigens that are peripherally associated with the membrane. Because of their important roles in cell growth, differentiation and cell-cell signaling, the structures of the plasma membrane and proteins associated with it have attracted wide attention and has been extensively investigated. However, structural information on membrane proteins at the surface of LIVING CELLS is generally lacking. This is due to the inherent limitations of conventional microscopic techniques available today. So far, structural information on the membrane proteins at atomic or molecular resolution has been successfully solved using X-ray crystallography only for certain specialized cases, such as the protein pumping bacteriorhodopsin, the photosynthetic reaction center of certain bacteria, and bacterial and bovine cytochrome c oxidases [16] . Also, certain proteins that are attached to the membrane via a single transmembrane peptide segment or via a lipid anchor have enjoyed limited success by X-ray crystallography. However, a large number of integral membrane proteins do not fall into this category. This is due to the fact that integral membrane proteins embedded in the membrane lipids do not lend themselves to being purified and crystallized. The hydrophobic nature of the membrane-embedded sections of these proteins stipulates that once 'purified' away from the membrane lipids, structural integrity of these proteins will change drastically such that there exists little hope for obtaining ordered packing of protein molecules paramount for crystallization.
With the potential of imaging surface structure at the molecular scale in aqueous solutions, AFM offers a unique opportunity to image, localize and identify integral membrane proteins at the surface of living cells. Indeed, a number of AFM studies of membrane proteins have been reported [17] [18] [19] [20] [21] [22] . However, the high resolution power of AFM in elucidating the structure of the membrane molecules has, up to date, been demonstrated only in imaging the two-dimensional (2D) arrays of membrane-bound protein crystals and artificially reconstituted lipid layers with incorporated membrane proteins of interest [20, 22] . The localization and identification of membrane receptors [18, 19] and ion channels [17, 21] using AFM has to rely on the use of immunogold particles or fluorescent labeling. While such an approach makes it easier to apply AFM imaging, it certainly limits the imaging resolution to molecular scales at best, thus not offering major improvements over conventional approaches such as electron microscopy. Furthermore, it is found that high-resolution A laser beam is focused on the back of the cantilever and bounces off toward a quadrant photodetector. The minute changes in the deflection of the cantilever in the Z axis caused by varying interaction forces between the apex of the tip and the sample surface are detected by the photodetector. Current signals from the segmented photodetector are used as a sensitive measure of the forces experienced by the scanning cantilever and as a means of generating data, such as topography and friction force in the contact mode of AFM operation. The topographical data reflect the height of the sample, obtained by recording the changes in the Z movement of the piezoelectric scanner that is needed to keep the cantilever deflection constant in the constant force mode. The friction force image is the derivative of the cantilever torsion as the tip scans laterally, reflecting the friction characteristics or heterogeneity of the surface. In addition, by applying AC-voltage to the piezo ceramic which is attached to the other end of the cantilever and driving the cantilever to vibrate at or near its resonant frequency, AFM can be operated in noncontact mode and tapping mode with other controlling signals or derivative data, such as phase shift, amplitude, etc. (see Table 1 ). The electronic control, data acquisition, and data processing are controlled via a computer. The raw data can be stored for further display, analysis, and parameter extraction in the off-line mode of AFM operation.
AFM imaging of membrane proteins conducted in aqueous media is normally hindered by a layer of poorly defined glycocalix covering the plasma membrane of most cells [23] [24] [25] . Treatment of living cells with an enzyme, such as neuraminidase, which partly degrades the glycocalix, proves to be a way to improve the AFM resolution [23] . Using such treatment, proteins with typical size of 10 to 60 nm in diameter were observed on the membrane surface of polarized Madin-Darby canine kidney (MDCK) cells [23, 25] .
As to intracellular or submembrane structures, because of the image contrast mechanism(s), the dominant features observed in AFM images of living cells are the cytoskeleton, revealed, in most cases, using the contact mode (see Figures 2A and 2C) . No other organelles except the nuclei have been frequently observed and readily identified with AFM. The presence of cell membrane or other submembrane structures may prevent the AFM tip from obtaining access to the fine intracellular structures. Other membrane structures, such as ruffles, lamellipodia, microspikes and microvilli, could be observed after cell fixation [25, 26] (see Figures 2B  and 2D ). For some cells, the intracellular structures could be revealed by selective removal of the plasma membrane and soluble proteins using non-ionic detergents, e.g., Triton X-100, and structures at submicrometer scales, i.e., microvilli and microspikes, of membrane-free cultured rat mammary carcinoma (RMCD) cells were clearly discernible [27] .
Attempts at high-resolution AFM imaging of living cells, however, are hampered by the deterioration with time of the clarity of images. This is thought to result from the 'smearing' of the cantilever tip with living cell-associated molecules, including cellular debris, metabolic products, and cellular secretion. This 'smearing' process over time may coat the AFM scanning tip with layers of non-rigid molecules, and in a highly uncontrollable and uneven fashion, which causes the deterioration of AFM image quality over time. Another factor, the softness of the cell, resulting in deformation of the cell surface under the scanning cantilever, also compounds the effort to obtaining high-resolution AFM images of living cells. Thus, the membrane proteins may be smeared under the cantilever destructive loading force; no reproducible images are obtainable especially at the high magnification (see Figure 2E ). The authentic structure may often be deformed or even destroyed by the scanning cantilever. To reduce cell surface deformation and cantilever contamination, the applied cantilever loading forces needs to be much smaller, in the order of 1 to 10 pN [28] , which remains a technical challenge [29] . One study has suggested an approach to deal with the cell softness: imaging cells under a tapping motion at high frequencies [30] . Because of the viscoelastic properties of the plasma membrane, the cell may behave like a 'hard' material when responding to externally applied high frequency vibration, and is thought to effectively be no longer soft and hence less susceptible to deformation. Moreover, in this imaging mode, the cantilever is oscillated at its resonant frequency and is only in intermittent contact with the cell surface; as a result, the destructive shear forces in the contact mode imaging are minimized. Therefore, high-resolution imaging of subcellular structures is feasible with the tapping mode AFM. However, the viscoelastic properties of the cell have not been fully taken advantage of, because the resonant frequency of the cantilever in liquid is relatively low, typically in the range of 8 to 35 kHz, resulting from the substantial liquid damping. On the other hand, the operation of tapping-mode AFM (TMAFM) in liquid appears to be more difficult than in the air [31] and the image contrast mechanism(s) of the TMAFM is unexpectedly complex and is not fully understood [32, 33] . Nevertheless, it is expected that more AFM studies of cellular structures will be reported using this kind of imaging mode.
Technically, cells, which can be cultured on or transferred onto a solid and flat substrate such as glass coverslips, microscopic slides, or Petri dishes, are most suitable for AFM studies. In some cases, certain modification of the substrate and special immobilization methods are needed to increase the cell-substrate interactions and to help cells anchor firmly on the substrate for AFM imaging [34] . For cells cultured on a planar substrate and spread relatively flat on the surface, the cytoskeleton or stress fibers are readily discernable in the AFM images, while for cells in a round shape, no cytoskeleton is usually seen (Figures 2A and 5 ). The latter is due to the fact that stress fibers are not developed in these cells. Also, it should be pointed out that structural information might be lost if the cell has huge and abrupt topographic variations. This is because the maximum sample corrugation height that the Z-piezo scanner can trace in the height acquisition mode, or the maximum cantilever deflection that the photodetector can detect in the deflection acquisition mode, are limited by the travel range of the Z-piezo scanner or by the surface area of the photodetector, respectively.
Real-time monitoring of cellular dynamic processes
Real-time monitoring of dynamic events of living cells, cell-cell interactions and morphological changes of cells in response to intracellular and extracellular stimuli, is foreseen as another major AFM application in cell studies. The pioneer work in this area was carried out by Binning Group [35] , and the up-to-date progress has recently been reviewed by Ohnesorge et . The high-magnification image (C) of the cytoskeleton taken from (A) highlights the fine filament fibers interweaving with each other. The AFM images of the fixed cell at high magnification (D, F) reveal more granular elevations, which are thought to be microvilli. The AFM resolution is not high enough to discern the membrane proteins at the living cell surface even though a number of structural entities are visible in the image (E). The protein structures are believed to be disturbed or smeared by the scanning tip, obscuring the fine molecular structures, and no reproducible images are obtainable at high magnification. Fixation of the cells increases the rigidity or stiffness of the cells, resulting in a surface topography different from that of the living cells. However, the fixation failed to improve the resolution (F).
All images presented here were obtained at room temperature using a Nanoscope IIIa (Digital Instruments Inc., Santa Barbara, CA) equipped with a 120 µm (J type) scanner and a fluid cell (the cantilever holder for operation in solution). The AFM was operated in the contact mode using 200 µm long, V-shaped silicon nitride cantilever (Digital Instruments Inc.) with 20 µm wide legs. The nominal force constant of the cantilever is 0.06 N/m. The image data were collected in the deflection mode with the loading force of 1 to 5 nN at scan rate of typically 0.9 Hz. The images obtained in the deflection mode enhance structural details but lack the fine height information.
al. [36] . They reported observing exocytosis of a virus from an infected cell in real time, where the probe tip pressed on the cell held by a microcapillary under suction ( Figure 3) . Their success had a great impact on the exploration of AFM applications in monitoring dynamic cellular processes [3, 4] . For example, the movement of the cytoskeletal structure of rat leukemia (RBL-2H3) cells was followed topographically by AFM while the RBL-2H3 cells were stimulated via cross-linking the IgE receptors [37] . Other studies reported the shape transformation of platelets upon the activation [38] and cytoskeletal reorganization of rat NIH/3T3 fibroblasts and PC-12 cells [39] .
A note-worthy observation has been reported recently by Jena and colleagues on AFM imaging of the exposed apical region of cultured pancreas cells, which secrete the starch-digesting enzyme amylase [40] . They observed a multitude of pits that averaged about 150 nm. These pits increased in size (up tõ 200 nm) during amylase secretion and returned to their pre-secretion size upon cessation of the secretory response. Based on these observations, they concluded that these pits were the exocytotic fusion pores formed during amylase secretion.
The tremendous potential of utilizing AFM to monitor cellular dynamics in vitro has also been demonstrated by another successful study of the regulation of the nuclear pore complexes (NPCs) pathway. The switch of the molecular conformation of NPCs between the open or 'unplugged' state and the closed or 'plugged' configuration (in which NPCs are occluded with the transporters) has been captured by AFM when the NPCs were treated with Ca 2+ [41] and aldosterone [42] . The success in this case is benefited from the rather large geometry of the NPCs (the outer diameter of NPCs is typically in the range of ~130 nm) and their abundance at the nuclear membrane (Figure 4) [43] .
Two major technical obstacles have to be overcome before the potential of AFM in monitoring the cellular dynamic processes in real time is fully realized. First, most of the AFM studies on living cells reported so far have been carried out in the contact mode, because the error-signal images of living cells obtained in this imaging mode often reveal the structural details of the cell, e.g., the cytoskeleton. However, in this imaging mode, the cantilever tip is physically in contact with the cell surface during scanning. The cells being scanned suffer stress continuously applied by the cantilever (forces typically in the range of 1 to 5 nN). Under certain circumstances, external application of mechanical forces at the cell surface may induce intracellular cytoskeletal alternations, and other biochemical reactions and cellular processes can be selectively promoted or inhibited as a result of mechanical perturbation of the cell surface. Such instrument-induced changes are simply difficult to distinguish from physiologically relevant changes in cell morphology or shape observed in AFM images (Figures 5 and 6 ). Furthermore, living cells are, in most cases, imaged by AFM in a balanced salt buffer and at room temperature that is not equivalent to the environment of cell culture. Together, these two factors may render irreversible injury to the cell that eventually leads to cell death. The injured cell may become vulnerable and increase its chance of being removed by the scanning cantilever ( Figure 6) . Surprisingly, it has been reported that the cells are found to remain viable up to 48 hours under AFM imaging conditions, and no significant cell damage or cell death is observed [44, 45] . This extended cell viability under AFM imaging may be contingent upon the cell type and the experimental conditions. Maintaining stable culture conditions for both temperature and pH value is a crucial issue in AFM imaging of living cells [46] . On the other hand, interactions between the scanning tip and the cell surface in a cell culture medium are so subtle and complex that there is not any easy way to control the tip-sample interactions. Likewise, it is hard to discern, particularly in the AFM images obtained at high magnification, whether the observed real-time changes in cell morphology are the authentic cellular dynamic movement or are the displacement of the cell surface induced by the AFM tip [36, 45] . One report has shown that during continuous scanning of cell surface by the AFM cantilever, slight disruption of the cell membrane occurs and membrane components accumulate on the cantilever [45] . Therefore, for further exploration of AFM applications to the study of cellular dynamic processes, better-controlled studies are necessary to establish whether a correlation exists between cell viability and alterations in the cell membrane structure caused by the cantilever.
The second technical obstacle is the temporal resolution of AFM, which is mainly limited by the scan rate, typically at ~50-60 s/image. Even though a scan rate of up to one frame per second has been achieved (Figure 3) , this is still on a much larger scale than most cellular dynamic events (typically in milliseconds). As a result, the usual AFM timelapse imaging cannot capture important cellular events in real time, but rather shows the effects of cellular reactions after they have been completed , probably because that cell did not have the stress fibers to provide strong adhesion to the substrate surface. In addition, an apparent boundary, indicated by an arrow in (E), emerged between the two neighboring cells after scanning for 76 minutes (E, F). Because of tip contamination, the resolution deteriorated with time and the cytoskeleton was less discern able (E, F). The growth of the cells to the coverslips relies on cell-to-cell interactions or cellextracellular matrix (ECM) interactions, and the cells formed patches. As can be seen clearly from the figure, the cells were held and connected by an extensive and dense fibrillar structure that is believed to be the extracellular matrix possibly interconnected with the cytoskeleton (A). The cell-to-cell interaction was disrupted by the scanning cantilever and a remarkable change in the cell morphology immediately appeared after the completion of the second scanning (B). Further disruption of the cell-ECM interactions caused the cell to collapse, and large nuclei became apparent (C). The flat areas surrounding the nuclei are the membranes with the dominant structure, i.e., the cytoskeleton. The cell adhesion to the substrate was weakened by the disruption of the cell-ECM interactions and the possibility of the cells being removed by the scanning cantilever was increased. As can be seen, a single cell was removed, leaving a void in the upper right corner of the surface (D). The loss of the cell appeared to affect the integration among its neighbors, and the rest of the neighboring cells were wiped away (E, F). The increase of the white centers of the cells (B, C) represents areas that are out of the detecting range of the photodetector. Some drift occurred at the beginning of scan (A) and more of the cell was observed at a later time (B). [40] [41] [42] . Alternatively, however, one may select those cellular events that have a time scale slower than or comparable to the AFM time resolution [47] or investigate cellular dynamic events that may be slowed down by manipulating experimental condition [48] .
An exploratory attempt has been made by Horber and colleagues to combine AFM with the patch clamp technique (PCT) to image excised membrane patches spanning the tip of a glass pipette [49] . It is observed that the membrane patches retain their structural integrity and cytoskeletal elements are discernible from the patches with a lateral resolution as low as 10 nm. Even though still in an early stage of development, this approach holds the promise of combining the high temporal resolution of PCT with the high spatial resolution of AFM, and may shed light on our understanding of the molecular dynamics at the cell surface [50] .
Approaches to eliminating cellular activation or stimulation due to the perturbing action of the scanning cantilever may rely on improvement of AFM tapping mode in liquid, development of a new technique in which much lower cantilever loading forces are applied, and/or the design of novel cantilever probes which are biochemically and mechanically compatible with biological samples. Recently, a new kind of scanning probe microscopy, namely, scanning ion-conductance microscopy (SICM), has been developed for imaging flat polymer films and living cells [51, 52] . In SICM, a bent micropipette is used both as a force sensor and as an ion-current probe. The principle of SICM is based on the strong dependence of the vertical position of the micropipette on the ion current flowing through the micropipette probe. Advantage of using SICM for imaging living cells are that the micropipette does not physically contact with the cell surface during scanning and that the cell deformation or damage often encountered during AFM imaging of cells can be avoided. With SICM, 3D images of whole living cells in real time and fine dynamic behavior of cell surfaces at high resolution can be obtained [52] .
To improve significantly the temporal resolution of AFM, much higher scan rate has to be implemented practically in AFM imaging. The scan rate depends on a number of factors, such as effective mass and spring constant of the cantilever, the stiffness of the sample, and the damping constant [53] , and improvement in scan rate will need to involve the design of AFM mechanical systems, electronic control units, and most importantly, the piezoelectric scanner [54] . On the other hand, simply increasing scan rate may significantly sacrifice spatial resolution. Therefore, sequence of meaningful images may not be obtainable solely by increasing the scan rate without implementation of other approaches discussed above. However, AFM can be used alternatively as a spectroscopic tool to monitor the height fluctuation of a structural feature either by positioning the cantilever over a specific surface point or by scanning the feature in a single line fashion. In this way, biological events such as enzyme activity and protein binding could be studied at relatively high time resolution [55, 56] . With the development of high scan rate AFM, it may be possible to use AFM to monitor the processes that occur at the cell membrane during an antibody binding, vesicle transfer, channel blocking or gating, etc., and to obtain information on the delivery of a specific drug with molecular resolution.
Finally, as can be appreciated that, using state-ofthe-art AFM, it is not easy to resolve the molecular structures of membrane proteins and to identify a particular molecule, if labeling is not used, on the cell membrane among a large variety of structural entities, because AFM only provides primarily topographic information and as such different molecules with similar shapes may be mistaken for one another. In addition, the cell surface is generally rough, with bumps and valleys of cell surface invagination possibly exceeding the geometric height of most proteins and other biomolecules, making positive identification of a molecule more difficult. Furthermore, there is often folding of cell surfaces, with asymmetrical distribution of certain types of proteins. Most significantly, the living cell is dynamic in nature and delicate in character, its shape and morphology changing with time and experimental conditions. Thus, to obtain high-resolution images of membrane proteins at the surface of living cells and to monitor the biological processes of these proteins in real time are likely to remain a major challenge for some time to come. Notwithstanding, with the state-of-the-art AFM, it is possible to use AFM to monitor certain dynamic cellular processes, such as cell growth, exocytotic and endocytotic events, which requires less power in time and spatial resolution, and to study the cell morphology in real time in the presence of growth factors, hormones, and other biological reagents.
Detecting micromechanical properties of the cell
AFM provides detailed surface topography by raster scanning a cantilever over the sample surface and recording the minute changes in cantilever deflection induced by the variation of tip-sample interactions. Obviously, the image contrast mechanism(s) of AFM is different from that of conventional light or electron microscopy. With AFM, new information about cells, such as viscolelasticity, can be obtained quantitatively and qualitatively. Mechanical properties of living cells are so important for most of the cellular systems, and yet our knowledge in this regard is rather limited. For instance, it is not fully understood how a cell responds structurally and mechanically to external stress or what roles the micromechanics of cells may play in cell differentiation and proliferation, gene expression, secretion, or cell-cell interactions. Studying the micromechanical properties of living cells will help us to understand cell architecture and other information related to cell functions. So far, the capability of AFM to provide valuable information on the mechanical properties of living cells has been gaining increasing attention [36, [57] [58] [59] [60] [61] [62] [63] .
Local elastic properties of a cell can be quantitatively derived from the force versus distance (F-S) curves obtained at fixed surface points using AFM (Figure 7) . Furthermore, new AFM systems allow a 2D spectroscopic matrix of F-S curves to be collected simultaneously at the same pixel points where the topographical data are obtained. By using appropriate software, 2D elastic properties of a cell can be mapped and correlated with the topographic image over the same scan area (Figure 8 ). Therefore, a wealth of information can be gathered about the cellular structure and, at the same time, the micromechanical properties with lateral resolution as high as 20 nm [58, 60, 62] . Certainly, the ability of using AFM to map the mechanical properties of the cell at high lateral resolution will herald a new arena of AFM applications.
Local micromechanical properties of cultured rat atrial myocytes have been quantitatively characterized using AFM [63] . It is found that the cell compressibility depends not only on the extracellular calcium concentration and the fixation method used but also on the frequency of the bias applied to the Z-piezo during AFM imaging and that the stiffness of the cell increases from the nuclear region to the cell periphery. The viscoelasticity of fixed, air-dried and hydrated cells has been studied and compared, and large differences in viscoelasticity are found between these cells [59] . More recently, the focus of AFM studies on the cell elasticity has been turned to the cytoskeleton because it is the dominant topographic feature commonly observed in the AFM images of living cells and is the paramount element Figure 7 . Schematic illustration of elasticity estimation from the force versus distance (the extending or approaching trace) measurement. The measurement starts with the cantilever sitting in its rest position far above the sample surface (Inset a). As the cantilever is continuously moved forward toward the sample, the cantilever begins to contact the sample (Inset b, the contact point) and pushes through this point until a preset loading force is reached (Inset c, d ). Cantilever deflection is recorded with respect to the position of the Z scanner, which is called the deflection-distance curve. For solids like glass coverslips (curve 1), the sample surface is not indented under the cantilever loading force and the travel length of the Z piezo scanner is exactly recorded (Inset c). For soft materials such as living cells (curve 2), surface indentation occurs, and the travel of the Z piezo scanner includes the surface indentation (Inset d). By first taking the deflection-distance curve from the solid surface as a calibration standard, the sensitivity (the conversion factor from the detector signal in mV to the cantilever deflection in nm) is derived from the slope of the linear portion of the deflection-distance curve. Accordingly, the loading force in nN is calculated using the formula, Force = the spring constant times the cantilever deflection, and the F-S curve can be plotted. Next, switching the sample to cells and measuring the deflection-distance curve without adjustment of the laser alignment and the photodetector setup, the F-S curve of the soft sample can be plotted together with the calibrated one. The difference between the two curves at a given force (F 0 ) is the indentation. By fitting the data of dependence of the indentation on the force extracted, Young's modulus or elastic modulus can be estimated using one of the contact mechanical models [67, 68] .
that determines the micromechanical properties of cells. For instance, the elasticity of mouse F9 embryonic carcinoma cells deficient of vinculin, a membrane-associated protein which plays a role in linkage of the cytoskeleton, and of chicken cardiocytes with their actin filament network degraded by a cytoskeleton-disrupting drug, cytochalasin B, have been studied using AFM F-S mapping technique [60, 61] . These studies show quantitatively and qualitatively the reduction of cell elasticity after degradation of the cytoskeleton. In combination with biological and molecular techniques available today, AFM studies of the cytoskeleton and its relationship with the cell elasticity will help us to better understand the role of cytoskeleton in the control of cell shape, cell synthetic activities, and cell mobility.
On the other hand, in AFM imaging of living cells, AFM images are dominated by the viscoelastic properties of the sample since the cantilever tip is in contact with the cell surface. Consequently, AFM images of cells usually contain contrast contributions not only from the topographical features at the cell surface but also from local variation of cellular micromechanical properties. In cases where the stiffness of cell membrane dominates the elasticity of the whole cell, the resulting images reflect the surface topology. In other cases, the submembrane cellular structures such as the cytoskeleton are observed, either because of their structural rigidity or because of the deformation of the cell membrane around these structures. Using the elasticity mapping technique, the elasticity of cells can be correlated Figure 8 . Topography and the elastic modulus reconstructed from the force curves measured over a human platelet and encoded in gray. In (A), the image size: 4.3 µm and the range of gray scales: 2 µm. In (B), the elastic modulus is encoded logarithmically so that the dark corresponds to 100 kPa and the light 1 kPa. In (C), the different parts of the platelet with their usual nomenclature are outlined: the pseudonucleus (P), the inner web (I), the outer web (O), and the cortex (C). The pseudonucleus is the softest (1.5 to 4 kPa), the inner web has a stiffness of ~4 kPa, the outer web ranges around 10 to 40 kPa. Some areas in the cortex (white arrow) are the stiffest (50 kPa). There are some areas that deviate from the general patterns; see for instance, in D, the area marked by the thick black arrows are pointing to 10 kPa or the area marked by the thin black arrows are pointing to 4 kPa. (Reproduced from [62] by courtesy of Dr. Radmacher.) with or uncoupled from the topography. This may help to elucidate the AFM image contrast mechanism(s) of living cells.
However, in order to obtain reliable local elasticity/viscosity measurement of the cell, sensitivity of the photodetector, spring constant of the cantilever used, and tip geometry of the cantilever all need to be calibrated and determined accurately. Sensitivity of the photodetector, which determines the accuracy of converting photodetector's signal to the cantilever deflection, can be determined from the slope of the F-S curves taken on the bare surface of glass coverslips where there are no cells present. This sensitivity depends not only on the intensity of the laser beam reflected from the backside of the cantilever but also on the size of the laser spot and its location on the photodetector [57] . After calibration, the laser alignment and the setup of the photodetector should not be changed anymore. During experiments, however, it is extremely difficult to keep this setup unchanged because the thermal equilibrium between the cantilever and the liquid medium may be easily perturbed due to the contamination of the cantilever tip, solution evaporation and perfusion, room-temperature fluctuation, among other parameters. Once the equilibrium is perturbed, the F-S curve obtained from the cell surface is shifted at the contact point ( Figure  7 ) from that of the coverslip and, as a result, the estimation of the surface indentation is erroneous. The spring constant of cantilevers, which is used to calculate the cantilever loading force, can be determined by measuring the unloaded and loaded resonant frequency of the cantilever [64, 65] , by measuring the thermal fluctuations of the resonant frequency in air [66] , or by calibrating against a 'standard' cantilever [67] . These techniques, however, are difficult to implement in practice. The spring constant is usually calculated by using the geometrical dimensions and basic mechanical properties of the cantilever [68] . The geometry of cantilever tip is usually unknown and, therefore, the tip-sample contact area used in calculating elasticity is usually estimated using the nominal tip radius provided by the manufacturer. The use of AFM cantilevers attached with a glass sphere of known diameters and mass may present a prospective solution for determining both the contact geometry and the spring constant [69] . Recently, a new method, namely the force integration to equal limits (FIEL) mapping, has been reported on mapping differences and changes in local elastic properties of cells [61] . In FIEL, a pair of F-S curves is collected at two surface positions, and relative work done by the AFM cantilever during an indentation to the cell surface at the two selected positions are calculated and compared. It is found that the relative work is related only to the ratio of the elastic properties at the two surface positions. Thus, with this method, cumbersome and time-consuming processes of calibration of the photodetector's sensitivity and the cantilever spring constant can be eliminated, but, however, quantitative data on the cell elasticity are lost.
Last but not least, quantitative studies of the elasticity of cells using AFM are almost all based on the classical model, e.g., Hertz' model [70, 71] . This model is built for a homogeneous, flat and elastic sample, which obviously at best represents a poor approximation of a cell. As is known, cell surfaces are very rough and cells are heterogeneous in their elasticity and structural features. Moreover, cell deformation is not a well-defined property. Cell surface deformation in response to a given external stress can vary by an order of magnitude or more among different cell types, and local deformation on the same cell may also vary considerably. This situation may be even worsened in the AFM measurement because of the deterioration of the cell viability with time under the AFM imaging conditions generally used. Therefore, care must be taken in the quantitative study of cell micromechanical properties [57, 70, 71] . Cell elasticity may not be determined accurately using AFM, and may show significant discrepancies from cell to cell and from one surface position to the other. Meaningful results require careful preparation of the sample, accurate control of the experimental system and conditions, and rigorous care in data acquisition and processing.
Prospects and conclusions
The future prospects of AFM application in cell biology lie in the challenges that AFM is facing experimentally and technically. The first challenge is to identify unambiguously the topographical features seen in the AFM images and to interpret them correctly and quantitatively. With the definite geometry of the tip (Table 1) , the lateral size of the structures obtained is usually exaggerated, which also limits the lateral resolution power of AFM. In particular, the heterogeneity and complexity of the cell surface add more difficulties to this challenge. Furthermore, in principle, AFM is indiscriminate in its contrast mechanism with respect to chemical composition and biological function of membrane proteins. For positive identification of specific proteins on the cell surface or cellular structures using AFM, labeling techniques often have to be used. Therefore, significant improvement of AFM resolution on living cells is the most important issue. Probable approaches are to improve the performance of the tapping mode in liquid, grow sharper, better defined and biologically compatible cantilever tips [72] , and develop new sample preparation methods.
Second, AFM generally provides topographic information about the sample surface, without other important information needed to understand biochemical and biological reactions taken place inside cells. Even though the cell morphology and elasticity may reflect certain consequences resulting from intracellular events, it is not enough. Fore example, Jena and colleagues reported their observation of geometrical changes of the exocytotic fusion pores during amylase secretion, but they did not see amylase secretion [40] . Therefore, other techniques are needed to capture amylase secretion or to determine whether the pore structures are actually interacting with the secretory vesicles. Scanning near-field optical microscopy (SNOM), a new versatile scanning probe microscopy with superresolution beyond the diffraction limit, may be used to obtain topographic image of the fusion pores and acquire simultaneously fluorescence information of chromophore-labeled amylases. SNOM is the emerging technique for studying membrane proteins and related important events such as signal transduction, receptor-ligand binding [73, 74] . Combination of AFM with other analytic techniques used in cell biology certainly represents a solution for investigation of such complex systems as living cells. Combining AFM with other techniques, proven technically feasible and biologically important for a number of cases [50-52, 75, 76] , will not only allow the biological system to be studied from different angles and to be better understood from the complementary information obtained but will also allow the structures observed by AFM to be compared simultaneously with those obtained with other techniques from the same surface area [76] . Further development of these approaches is likely to improve the utility and to expand the application of AFM.
A promising method has been used to circumvent the difficulties in AFM identification of membrane proteins and in achieving high resolution [77] . Small membrane patches were excised using PCT and placed on mica surfaces. The spatial resolution was increased considerably as compared to experiments on intact cells. Using this method, the functionality of membrane proteins such as ion channels can be identified using PCT and the density of the protein distribution over the patch can also be estimated. By knowing the abundance of the proteins of interest, a rather large number of repeated structures may be discernible in the AFM images of the excised membrane patch, and the difficulty in AFM identification of protein structures may be significantly reduced. However, it should be noted that structural alterations to membrane proteins might be induced by such patch excision and transfer. In addition, such preparations have a more limited time window for [10] a F is the loading force; k, spring constant of the AFM cantilever, and z, the vertical displacement of the cantilever.
AFM imaging, since membrane vesicles or patches normally have a lifetime from a few minutes up to a few hours, depending on the preparation techniques used. Another challenge facing by AFM is to explore novel applications in the study of living cells. The use of AFM F-S spectroscopy to investigate the elasticity of cells in various physiological and pathological conditions certainly represents a new direction. However, the use of functionally modified cantilever tips with specific ligands may find broader application in the study of living cells. The biochemical or biological modification of the cantilever tips offers the possibility of measuring the binding strength (or force) of the ligand-receptor interaction, thus allowing specific receptors on the cell surface to be characterized on the basis of their binding forces [3, 15, 78, 79] . For the time being, the successful differentiation of chemical properties or molecular recognition is, however, limited to those molecular systems that are specially designed or configured with homogenous chemical or biochemical properties over a large surface area (typically a few microns) [14, 79, 80] . Similar applications have not yet been used in a cellular system to achieve single molecular resolution, even though initial attempts have been made toward the realization of this goal [14, [79] [80] [81] . This is probably because when imaged with a cantilever tip to which ligands have been attached, it is very difficult to distinguish quantitatively the binding force of a single pair of ligandreceptor or antigen-antibody complexes from the diverse interaction forces (typically in the range of nN) acting between the tip and the cell surface. Those non-specific force contributions adversely affect the accurate detection of the ligand-receptor binding force and have to be eliminated. Furthermore, the cantilever spring constant and the sensitivity of the photodetector need to be accurately and reproducibly calibrated in order to reduce significantly the error occurred in the force measurement. Nevertheless, the strategy of using functionally modified AFM tips holds great potential because the specificity of molecular interaction is the cornerstone of cellular processes.
Finally, AFM has another exceptional characteristic -the capability of manipulating atoms and molecules precisely, i.e., the so-called molecular nanotechnology [82, 83] . The consequences of AFM manipulation at molecular scales are far-reaching [84] . For instance, individual membrane proteins could be manipulated physically and biochemically under the AFM, a specific signal transduction could be induced, and the local effect on the cell could be studied at high resolution. With further development, especially in biochemical modification of AFM tips, research in this area is likely to yield a wealth of information.
In conclusion, AFM is a newly developed technique and is still evolving. Despite the presence of many difficulties in AFM imaging of living cells, high-resolution imaging of a variety of living cells using AFM is feasible and the potential of AFM applications in the study of living cells is promising.
With further development in instrumentation and methodology, AFM is likely to become an indispensable technique for the study of structural, functional and micromechanical properties of living cells at the molecular level, providing valuable information for better understanding of structure-function relationship of cell biological systems.
